Cellobiose 2-epimerase (CE) efficiently forms epilactose which has several beneficial biological functions. A thermostable CE from Rhodothermus marinus was immobilized on Duolite A568 and packed into a column. Lactose (100 g/L) was supplied to the reactor, kept at 50 C at a space velocity of 8 h À1 . The epilactose concentration of the resulting eluate was 30 g/L, and this was maintained for 13 d.
Epilactose (4-O--D-galactopyranosyl-D-mannopyranose)
, which is rarely found in heated milk and alkaline-treated lactose solutions, 1, 2) has beneficial biological functions for healthcare, proliferating bifidobacilli and lactobacilli specifically 3) and enhancing absorption of calcium and magnesium. 4, 5) Cellobiose 2-epimerase (CE) is known to produce epilactose efficiently from lactose. 6) In this study, a thermophilic CE from Rhodothermus marinus (RmCE) 7) was immobilized on anion exchange resins, and continuous production of epilactose using a packed bed reactor of immobilized RmCE was achieved.
Recombinant RmCE was produced in Eschericha coli and purified as described previously. 7) The specific activity of the purified RmCE was 38.0 U/mg. Enzyme activity was measured as follows: a reaction mixture (1 mL) consisting of an appropriate concentration of the enzyme, 10 mM sodium phosphate buffer (pH 7.0), and 20 mM cellobiose was incubated at 60 C for 30 min. A reaction mixture (100 mL) was taken every 5 min and mixed with 500 mL of 10 mM HCl, followed by boiling for 10 min. The 4-O--D-glucopyranosyl-D-mannopyranose (Glc-Man) produced was measured by HPLC under the following conditions (the analytical conditions were improved to measure accurately small quantities of the reaction product): injection volume, 5 mL; column, Sugar SP0810 (8:0 Â 300 mm Â 2, Shodex, Tokyo); column temperature, 70 C; mobile phase, water; flow rate, 0.5 mL/min; detection, pulsed amperometry. The sample was diluted with water 6 times and desalted with ion-exchange resins, Amberlite MB-4 (Roam and Haas, Philadelphia, PA) before analysis. As standard, 0-2 mM of authentic Glc-Man was used. Glc-Man was generated by the reaction of CE. A reaction mixture (120 mL) consisting of 250 g/L of cellobiose (Sigma, St. Louis, MO), 5 mM sodium phosphate buffer (pH 7.5), and 0.5 U/mL of CE from R. albus 6) was incubated at room temperature for 3 d. After boiling for 5 min, the reaction mixture was concentrated in vacuo up to 1/3 volume to crystalize unreacted cellobiose. The crystalized cellobiose was removed by filtration with filter paper, and the resulting mixture was applied to a carbon-celite column (42 Â 300 mm), in which equal weights of active carbon (Nacalai Tesque, Kyoto, Japan) and celite no. 545 (Wako, Osaka, Japan) were mixed and packed. The adsorbed carbohydrate was eluted by successive applications of 0.5 L of water, 2 L of 2% v/v ethanol, and 2 L of 4% v/v ethanol. The purities of the fractions were evaluated by HPLC under the conditions described above. Fractions with purity higher than 90% were desalted with Amberlite MB-4 and freeze-dried. The initial reaction velocity was calculated from the slope of the progress curve obtained. One U of enzyme activity was defined as the amount of enzyme producing 1 mmol of Glc-Man per min.
The amount of RmCE added to Duolite A568 (Sumika Chemtex, Osaka, Japan), an anion exchange resin widely utilized in the industrial production of immobilized enzymes, was optimized. Duolite A568 (50 mg) was equilibrated with 10 mM sodium phosphate buffer (pH 7.0) and suspended in 1 mL of 0.12-1.2 mg/ mL of RmCE (2.4-24 mg per g of resin), followed by incubation at 4 C for 24 h with mild shaking. The protein concentration of the supernatant was measured by the Bradford method 8) to determine the adsorption rate. About 80% of the added RmCE was adsorbed on Duolite A568 when the amount of the enzyme added was at below 9.6 mg/g of resin, and the adsorption rate decreased by further addition of RmCE. At 24 mg of RmCE per g of resin, the adsorption rate was 51%, indicating that 12 mg of RmCE bound to 1 g of resin. This amount of adsorption is similar to that of Agrobacterium tumefaciens psicose 3-epimerase (17.5 mg/g * These authors contributed equally to this work. Note of resin), 9) and considerably lower than those of Providencia stuartii lyxose isomerase and Agrobacterium sp. KNK712 N-carbamyl-D-amino acid amidohydrolase. 10, 11) The enzyme activity of the RmCE-bound resin was measured as follows: Fifty mg of the resin was suspended in 1 mL of 10 mM sodium phosphate buffer (pH 7.0) containing 20 mM cellobiose, and this was incubated at 60 C for 15 min with mild shaking. The supernatant (100 mL) was taken every 3 min, and the Glc-Man produced was measured as described above to calculate the initial velocity. The activity of the RmCEimmobilized resin increased depending on the amount of RmCE added up to 9.6 mg per g of resin, and the addition of more RmCE resulted in a slight decrease of activity. Hence 9.6 mg of RmCE per g of resin was considered to be the optimum enzyme amount added to resin. The activity and the amount of RmCE bound to Duolite A568, prepared by the addition of 9.6 mg of RmCE per g of resin, were 187 U/g of resin and 7.3 mg/g of resin respectively. The specific activity of the adsorbed RmCE on the resin was estimated to be 25.6 U/mg, 67% of that of the free enzyme.
Cross-linking of RmCE was introduced by glutaraldehyde treatment to improve thermostability. RmCEbound resin, on which 7.3 mg of RmCE adsorbed per g of resin, was incubated in 0.2% of glutaraldehyde at 4 C for 10 min and washed with 10 mM sodium phosphate buffer (pH 7.0). Enzyme activity did not change at this concentration of glutaraldehyde, but significantly decreased at higher concentrations. Repeated batch reactions using the RmCE-bound resin with and without glutaraldehyde treatment were performed, and the remaining activities were compared. Fifty mg of RmCE-immobilized resin was incubated in 1 mL of 10 mM sodium phosphate buffer (pH 7.0) containing 20 mM lactose (Nacalai Tesque) at 60 C. After incubation for 10 min, 100 mL of the supernatant was taken, and the epilactose produced was measured by HPLC as described above. Authentic epilactose, prepared as described elsewhere, 12) was used as standard. The supernatant was removed after incubation for 24 h, and the resin was washed with 10 mM sodium phosphate buffer (pH 7.0). The resin was suspended in 1 mL of the substrate solution again, and the epilactose produced was measured after incubation for 10 min. These procedures from the addition of fresh substrate to washing of the resin were defined as 1 cycle of reaction. The activities of the RmCE-bound resins with and without glutaraldehyde treatment gradually decreased with the number of reaction cycles, but the cross-linked resin obviously showed higher remaining activity than without treatment (Fig. 1) . The cross-linked RmCEbound resin showed higher than 90% of remaining activity below 50 C after 7 cycles of reaction (Fig. 1) . The pH stability of the cross-linked RmCE-bound resin was evaluated by the residual activity after incubation at 4 C for 24 h in 10 mM of the following buffers: KClHCl buffer (pH 3.2), Britton-Robinson buffer (pH 3.6-11.3), and KCl-NaOH buffer (pH 12.0). Fifty mg of RmCE-bound resin was suspended in 1 mL of each buffer. After pH treatment, the enzyme-bound resin was washed 3 times with 0.5 mL of 10 mM sodium phosphate buffer (pH 7.0), and residual activity was measured. The RmCE-bound resin showed higher than 90% of original activity in a range of pH 3.6-10.6, almost the same as the free enzyme (Fig. 2a) . pH stability was hardly affected by immobilization of the enzyme.
The optimum pH and temperature of the cross-linked RmCE-bound resin were determined by measuring the activity at various pH values and temperatures. To vary the reaction pH, KCl-HCl buffer (pH 3.2) and BrittonRobinson buffer (pH 3.6-8.7) were used as reaction buffers. The RmCE-bound resin showed highest activity at pH 6.3 at 80 C as the free enzyme ( Fig. 2b and c) , but it showed considerably high activity at acidic pH, at which the free enzyme showed low activity. This is thought to be due to the microenvironmental positive charge on the surface of the carrier material. Electric repulsion of the positive charge on the resin and proton increases the local pH value, and the immobilized enzyme showed high activity even at low pH. High activity of the immobilized RmCE at low pH is favorable to avoid non-enzymatic isomerization, the conversion of lactose to lacturose, because non-enzymatic isomerization hardly occurs at low pH.
Continuous production of epilactose was investigated using a packed bed reactor, in which the cross-linked RmCE-immobilized Duolite A568 of 20 g was packed into a column (1:6 Â 10 cm, 20 mL). The column temperature was maintained at 50 C, because industrial enzyme reactions are generally performed at higher than 50 C to avoid bacterial contamination. Lactose (100 g/ L) in 10 mM sodium phosphate buffer (pH 7.0) was applied to the column at various flow rates (20-400 mLÁh À1 ). The flow rate was generalized by conversion to Space velocity (h À1 ), which was calculated as follows:
where F ¼ flow rate (mLÁh À1 ) and V ¼ reactor volume (mL).
After 20 mL of the substrate solution was fed to the reactor at each flow rate, the epilactose concentration of the eluate was measured by HPLC as described above. The epilactose concentration of the eluate obtained below space velocity of 8 h À1 was 30 g/L, indicating that 30% of the lactose was converted to epilactose, and that epimerization reached complete equilibrium (Fig. 3a) . In production of epilactose with the immobilized enzyme, operation at space velocities much higher than in the epimerization of fructose to psicose by psicose 3-epimerase 9) was possible, although the substrate concentration for the continuous production of epilactose was made low to avoid the crystallization of lactose. Higher epilactose productivity, calculated as follows, was obtained at space velocity higher than 8 h À1 , although the epilactose concentration of the eluate decreased:
Epilactose productivity (gÁL À1 Áh À1 )
To evaluate the useful life of the reactor, the epilactose content of the eluate was monitored in longterm continuous reaction (19 d). The substrate solution was supplied to the reactor, which was kept at 50 C, at a space velocity of 8 h À1 , because higher epilactose content is preferred in the purification of epilactose from an eluate. The epilactose concentration of the eluate was kept at about 30 g/L for 13 d, and gradually decreased in further operation (Fig. 3b) . At a space velocity of 8 h À1 , the substrate solution (192 mL, 19.2 g of lactose) was supplied per mL (almost equal to 1 g) of the resin per d. Lactose (250 g) was successfully processed for 13 d with 1 mL of RmCE-bound resin, Reactor of RmCE-Immobilized on Duolite A568. Twenty g of cross-linked RmCE-bound resin was packed into a column, and continuous production of epilactose was done at 50 C. Lactose (100 g/L) in 10 mM sodium phosphate buffer (pH 7.0) was supplied to the column as substrate. Error bar shows mean AE standard deviation. a, Effects of space velocity on epilactose production. Epilactose concentration ( ) and productivity ( ) were measured at various space velocities. b, Long-term continuous reaction. The reaction was conducted at a space velocity of 8 h À1 . c, Epilactose production with various amounts of free RmCE. A reaction mixture (1 mL) consisting of 0-0.18 mg/g of lactose (0-0.018 mg/mL) RmCE, 100 g/L of lactose, and 10 mM sodium phosphate buffer (pH 7.0) was incubated at 50 C for 24 h, and the epilactose produced was measured.
indicating that 0.029 mg of RmCE was used up per g of lactose. In batch reaction with various amounts of free enzyme, more than 0.11 mg of RmCE per g of lactose was required to obtain 30 g/L of epilactose from 100 g/L of lactose in 24 h at 50 C (Fig. 3c) , although the amount of the enzyme varied depending on the reaction time. This indicates that immobilization of RmCE is effective in reducing the amount of enzyme in processing lactose if the reaction using the free enzyme is performed within 3.8 d.
